The effects of blue light and calcium on elongation of hypocotyl segments of Cucumber (Cucumis sativa L. cv Burpee's Pickier) were studied. Cucumber seedlings grown in dim red light showed a rapid decline in the rate of hypocotyl elongation when irradiated with high intensity (100 micromoles per square meter per second) blue light. In intact, 4-day-old seedlings the inhibition began within 2 minutes after the onset of bluelight irradiation and reached a maximum of approximately 55% within 4 minutes. Hypocotyl segments cut from 4-day-old seedlings also showed an inhibition of elongation in response to blue light when segments were floated on aqueous buffer and exposed to blue light for 3 hours. In the presence of 2 micromolar indole-3-acetic acid, blue light caused a 50% inhibition of elongation. Buffering free calcium in the incubation medium with 0.1 millimolar ethylene glycol bis(-aminoethyl ether)-N,N,N',N'-tetraacetic acid eliminated the blue-light inhibition of segment elongation. Several experiments confirmed a specific requirement for calcium for the blue-light-induced inhibition of segment elongation. Treating segments with 0.2 micromolar fusicoccin abolished the inhibition of elongation by blue light as did buffering the medium at pH 4. Adding 1 milimolar ascorbate to incubation medium also eliminated the inhibition of segment elongation caused by blue light. Several compounds implicated in cellwall redox reactions alter the magnitude of the blue-light-induced inhibition. The activity of peroxidase isolated from the cell-wall free space of cucumber hypocotyls was inhibited by ascorbate and low pH. The results are consistent with the hypothesis that blue light inhibits elongation by inducing an increase in cell-wall peroxidase activity and implicate calcium ions in the response to blue light.
It has been known for some time that high-intensity BL3 causes a significant inhibition of stem elongation in stems of dicot seedlings (5, 11, 18) . In dark-grown cucumber seedlings, BL at 4 W m-2 1s-(approximately 15 ,umol m-2 s-') causes inhibition of stem elongation with a lag time of only 20 s (5) . A high fluence of BL given over a period of 5 min inhibits elongation by more than 70% (5) . After BL irradiation is terminated, the growth rate recovers to the preirradiation control rate within 30 min. The response is not mediated by phytochrome (5, 18) , and a similar response has been observed in other species and in deetiolated cucumber (5, 11) .
Very little is known about the mechanism of the rapid inhibition of stem elongation caused by BL. Cosgrove and Green (6) rigidity and concluded that the stem becomes more rigid when growth is inhibited by BL. It was concluded that this increase in rigidity was caused at least in part by increased turgor pressure in the cells of the hypocotyl. Cosgrove's work (5) also indicated a limitation to studies of stem elongation using hypocotyl segments cut and floated on aqueous medium. The growth rate of cut segments was at most 20% the rate seen for intact plants, and the BL-induced inhibition of elongation was never more than 35%. When auxin was included in the incubation medium (to obtain a higher control growth rate), the segments showed a maximum BL-induced inhibition of elongation of 20%. The procedure of growing seedlings under RL offers a new approach to the study of BL-induced inhibition of stem elongation. Plants grown under RL show conventional phototropic responses to short pulses of BL (1, 2), and the background illumination made experimental manipulations more convenient. In studies of phototropism in RL-grown Zea (2) and Pisum (1), the light sensitivity, kinetics, and magnitude of the responses to BL were somewhat altered from those seen in dark-grown plants. Use of RL saturates phytochrome-based induction responses, eliminates the possible interference from uncontrolled 'safe lights,' and makes tissue manipulations easier. If RL-grown cucumber seedlings show alterations in the rapid inhibition of stem elongation caused by BL, such alterations could enhance the response of cut segments to high-intensity BL.
We have studied stem elongation in plants grown under a continuous RL environment similar to those used previously (1, 2) and have observed a BL-induced inhibition of stem elongation in RL-grown, intact cucumber seedlings similar to that seen in dark-grown seedlings. The BL-induced inhibition in segments cut from hypocotyls of RL-grown cucumbers and incubated in aqueous media was much larger than that seen in segments cut from dark-grown plants (5) . This allowed us to test the effects of adding a variety of compounds to the incubation medium for their effect on the BL response. The results of these experiments lead to some conclusions about,the nature of the mechanism by which BL inhibits elongation. Cell-Wall Peroxidase Experiments. To measure the effects of medium composition on the activity of a cell-wall peroxidase, the cell-wall free-space solution was isolated from segments cut from the region of the hypocotyl used for segment elongation experiments. The free-space solution was obtained by vacuum infiltrating segments with 50 mm CaCl2 then centrifuging them at 650g (20) . The free-space solution was assayed for peroxidase activity using guiacol as substrate (23) . The peroxidase sample (50 ,ul of free-space solution) was added to a test tube containing 2 ml 0.5% guiacol buffered at pH 6 .1 with 66 mm K-phosphate and 0.5 ml 20 mM H202. The reaction mixture was vortex mixed for 10 s, and absorbance at 470 nm was measured at 3 min using a Spectronic 20 spectrophotometer (Bausch & Lomb). Additions to segment elongation media which affected the growth response to BL were included in the 66 mm K-phosphate 0.5% guiacol solution. When peroxidase activity was assayed at pH 3.5 and 4, HCl was added to the standard buffer. RESULTS RL-grown cucumbers showed growth rates between 1.6 and 2.5 mm h ', and a 10 min pulse of BL inhibited elongation by 50 to 60% (Fig. 1) . These data are comparable to those reported previously for etiolated (5) and de-etiolated (11) cucumber seedlings (Table I ). The lag time of BL-induced inhibition was typically 2 min for the onset of inhibition, and the new steady state growth rate was established approximately 4 min after the onset of BL irradiation. Recovery from BL-inhibition began about 16 min after BL was turned off and was complete at 20 min (Table   I ).
MATERIALS AND METHODS
Continuous BL irradiation of hypocotyl segments incubated in aqueous media inhibited elongation by 50% or more, relative to RL controls (Fig. 2) . Note the relatively small magnitude of the elongation of the segments incubated in the absence of IAA. Because incremental effects on the response to BL would be more easily detected against a higher background growth rate, all further incubations were done in the presence of 2 gM IAA, unless otherwise noted. With this concentration of IAA, the BL inhibition of elongation was always in the range of 45 to 55%. Since segments were growing during the 30-min pteincubation in RL, the BL inhibition of elongation reported is an underestimate.
Adding EGTA to the standard incubation medium (with 2 ,UM Figure 1 . Growth rates and lag times were determined as described in "Materials and Methods." BL irradiations were for 10 min. Results shown are the average of eight replicate experiments, and are shown as ± SE. Data for dark-grown and light-grown Cucumis seedlings were taken from Cosgrove (5) and Gaba and Black (11) (Fig. 3) . At concentrations of 0.1 and 1 mm, EGTA stimulated control elongation and abolished the capacity of BL to inhibit elongation. At 10 mm EGTA, the control elongation was reduced, but there was no BL-induced inhibition of elongation. The calcium-specific chelator BAPTA, at 0.1 mm, had essentially the same effect as 1 mm EGTA (Fig. 3) .
The effect of BL was restored by adding CaCl2 at at least 30 ,UM to incubation medium containing 0.1 mm EGTA (Fig. 4) . At 30 ,UM Ca2+ the elongation of control and BL-treated segments was the same as that observed for segments incubated without EGTA. Above 30 ,UM, Ca2+ inhibited elongation of both control and BL-treated segments. The percent inhibition of elongation caused by BL was the same for Ca2+ concentrations between 30 ,UM and 10 mm (Fig. 4A) . The top axis of Figure 4A indicates the actual free Ca2+ in the medium as calculated from the dissociation constants for EGTA at pH 6 (16) . Assuming that the free Ca2 + concentration is the same in medium not containing EGTA as in medium containing 0.1 mm EGTA plus 30 ,uM CaCl2 (the two treatments showing the same growth response), the level of free Ca2+ in the absence of EGTA can be estimated as 7.5 ,LM. This value is also close to the threshold free Ca2+ required for the effect of BL on elongation. The effects of three other divalent cations (at 0.1 mM) on the BL-induced inhibition are shown in Figure 5 . The divalent cations were tested in comparison to the effect of 0.1 mm Ca2 + when each was added to medium containing 0.1 mm EGTA (Fig. SA) . The 0.1 mm concentration was chosen because it was higher (threefold) than the minimum concentration of Ca2+ required to restore the response to BL. All three divalent cations, Mg2 +, Mn2 +, and Sr2 +, decreased control elongation relative to the plus-EGTA controls, but none restored the BL-induced inhibition of elongation. In the absence of EGTA, Mg2+, Mn2+, and Sr2 + stimulated elongation relative to both control and Ca2 + treatments, and Mn2 + may have partially suppressed the response to BL (Fig. 5B) of elongation in the presence of FC (Fig. 6 ). Segments incubated in 1 /,M FC elongated much more than did IAA-treated segments and did not respond to BL. Segments treated with 1 ,LM FC were enlarged in diameter and curved at the ends (not shown). The BL-induced inhibition of elongation cannot be restored by the addition of 0.1 mm CaCl2. Segments incubated at pH 4 or 3.5 in the absence of IAA elongated more than segments incubated at pH 6 without added IAA (cf. Fig. 2 with Fig. 6 ). The low-pH buffer abolished the response to BL. Segments incubated at pH 3.5 were curved at the ends (not shown).
IAA and FC had different effects on proton extrusion from segments cut from RL-grown cucumber seedlings (Table II) corbate, and this effect could not be reversed by the addition of 0.1 mM Ca2+ (Fig. 7) . BL-inhibited elongation was enhanced by the addition of 5 mm malic acid, while control elongation was unchanged. The addition of 1 mm NAD caused no deviation from the control responses. The addition of 5 mm OAA (cisenol form) or 1 mm NADH caused some reduction in the BLinhibition of elongation.
Peroxidase from cucumber hypocotyl cell walls was treated with the effectors that abolished the BL-induced elongation inhibition (Table III) . The treatment wih 10 mm EGTA was chosen rather than 0.1 or 1 mm because the peroxidase was extracted in 50 mM CaCl2, and 10 mm EGTA was required to keep the Ca2 + added to the reaction mixture below 6 p.M (Fig. 4A) . EGTA had some effect on peroxidase activity, but the pH of the reaction medium dropped from 6 to 5.6 on the addition of the Ca2 + (data not shown). Low pH inhibited the peroxidase activity, and at pH 3.5 there was essentially no activity. Ascorbate at 1 mm also completely inhibited the peroxidase. (Table I ). In contrast, the BL-induced inhibition of elongation of segments exposed to continuous BL for several hours was significantly greater in segments cut from RLgrown tissue than in segments from etiolated plants (5) . The growth rate of segments from RL-grown plants incubated under control RL was only 20% of the growth rate of intact plants, even when the segments were treated with IAA, similar to the relationship between the growth rates of intact and cut tissue from etiolated seedlings (5). But, both in the presence and absence of IAA, the inhibition of elongation of segments from RL- grown cucumber seedlings incubated in aqueous medium was twofold higher than that seen for segments from dark-grown plants (5) .
Physiological Requirements for Blue-Light Response of Hypocotyl Segments. The abolition of the BL-induced inhibition of elongation by EGTA (Fig. 3) and recovery of the BL response by the addition of CaC12 (Fig. 4) indicate that calcium is required for the function of some element of the BL response. The results suggest that the requirement for calcium is specific. The chelator BAPTA is much more selective for calcium than EGTA (25) and is as effective as EGTA in abolishing the response to BL (Fig. 3) . Further, the EGTA-induced loss of the BL response cannot be restored by the addition of divalent cations other than calcium (Fig. SA) , and these other divalent cations do not compete with calcium in the absence of EGTA (Fig. 5B ). There is an additional effect of calcium on RL control elongation, as seen in Figure 4 , where increasing CaCl2 caused decreased elongation.
This inhibitory effect of Ca2+ on elongation can be readily distinguished from the effect of BL. Between 30 kM and 10 mM CaC12, the percent inhibition of elongation caused by BL was unchanged (Fig. 4A) . Hence, for the BL response a minimum level of calcium is required, but the inhibition of elongation caused by increasing calcium concentration is not the mechanism of the BL-induced inhibition. Inhibition of elongation caused by calcium has been observed previously in lettuce hypocotyls (19) .
It is unlikely that the effects of EGTA, BAPTA, and CaCl2 on the BL response are effects on intracellular calcium. pools. EGTA does not enter intact cells (19) , and the dye quin-2, a close relative of BAPTA (25) , is also difficult to introduce into intact plant cells (12) . The added CaCl2 is also more likely to have affected some process outside the cell. Calcium concentrations in the cytoplasm are-tightly regulated, usually below 1 ,UM (13) . In contrast, the threshold concentration for the BL response is near 7.5 uM, and this estimate neglects any release of calcium bound in the cell wall (7) . From kinetic studies of calcium-regulated elongation in lettuce hypocotyls, Moll and Jones (19) also concluded that the effect of calcium was on some component of the cell wall.
A low proton concentration in the cell wall is also requisite for BL to inhibit elongation. Fusicoccin causes significant acidification of the cell wall (Table II; Ref. 15 ) and abolishes the BL response (Fig. 6 ). Low-pH buffer has the same effect as FC (Fig.  6 ). The effect of low pH on the BL response appears to be separate from the requirement for calcium. However, because a weak buffer at pH 4 applied externally can abolish the effect of BL and the major effect of FC is on the pH of the cell wall (15), the cytoplasm is an unlikely locus for these effects. Hence, like the requirement for Ca2+ for the BL response, the abolition of the BL response by FC and low pH buffers is probably mediated in the cell wall.
The effect of ascorbate on the BL response suggests that redox reactions may be involved in the BL-induced inhibition of elongation. Coincidentally, a strong candidate for a BL photoreceptor in plants is a cytochrome/flavin complex localized in the plasma membrane (2). This complex is thought to be a part of a transmembrane electron transport chain which could supply reductant for enzymes in the cell wall (21) . Further, several redox systems are known to reside in the cell wall (17) .
Substrates and products of specific redox reactions localized in the cell wall also alter the BL response. Malate supplies electrons for reduction of NAD to NADH (17) , while OAA is a product of the malate dehydrogenase reaction and thus an inhibitor of the forward reaction. The enhancement of the response to BL caused by malate and the partial inhibition caused by OAA (Fig. 7) suggest that cell-wall malate dehydrogenase may participate in the response to BL. An oversupply of reductant (as NADH) reduces the capacity of the segments to respond to BL (Fig. 7) . Adding 1 mm cysteine, which has a similar midpoint potential to NADH (9) , also reduces the capacity of segments to respond to BL (data not shown). The apparent contradiction of malate-linked NADH production enhancing the effect of BL, while NADH itself reduces the effect of BL, could be a result of the coupling of the malate dehydrogenase with another specific enzyme such as peroxidase (14, 17) .
Hypothesis for Mechanism of BL-Induced Inhibition of Elongation via Altered Cell-Wall Biochemistry. Almost all of the alterations in the BL response discussed above can be explained in terms of the cell-wall localized peroxidase enzyme. This enzyme is known to alter cell-wall structure in a manner consistent with regulation of cell-wall extensibility (10) . An inverse correlation between growth rate and cell-wall peroxidase activity has been reported for several systems (10, 20, 24) . An enzymeinduced decrease in cell-wall extensibility would be consistent with Cosgrove and Green's conclusion (6) that the primary effect of BL is a decrease in wall extensibility. Peroxidase-driven reactions in the cell wall are thought to decrease cell-wall extensibility by increasing cross-linkage of wall polymers and proteins (10) .
The specific results of the studies of the cell-wall peroxidase from cucumber hypocotyls reported here also point to a connection between the BL-induced inhibition of elongation and peroxidase. As shown in Table IV (23) .
The identity of the substrate for peroxidase in this model for peroxidase mediation of the BL-inhibition of elongation is as yet not apparent. Two features of the growth responses to BL must also be accounted for: (a) the lack of a stimulatory effect of ascorbate on growth of segments incubated under control RL and (b) the recovery of the growth rate of intact plants to the pre-BL-irradiation rate. The first feature is unexpected because there is active peroxidase in the cell walls of RL-grown plants (Table III) , and inhibition of this activity would be expected to further increase cell-wall extensibility. The second feature is difficult to explain because the reactions by which peroxidase decreases cell-wall extensibility do not have an obvious mechanism for the rapid reversal of the process (10) . With 
